Svirskis, Gytis and Jørn Hounsgaard. Transmitter regulation of teau potentials in motoneurons (Hounsgaard et al. 1988; plateau properties in turtle motoneurons. J. Neurophysiol. 79: 45-Hounsgaard and Kiehn 1989). Although the effect of seroto-50, 1998. In motoneurons, generation of plateau potentials is pronin was attributed to a reduction of the apamin-sensitive moted by modulators that block potassium channels. In voltagecalcium-dependent potassium conductance underlying the clamp experiments with triangular voltage ramp commands, we slow spike afterhyperpolarization, enhancement of the calshow that cis-({)-1-aminocyclopentane-1,3-dicarboxylic acid cium current was not ruled out (Hounsgaard and Kiehn (cis-ACPD) and muscarine promote the generation of plateau po-45 0022-3077/98 $5.00
1989). Our study shows that plateau potentials are facilitated tentials by increasing the dihydropyridine sensitive inward current, by activation of muscarine receptors and type I metabotropic by increasing the input resistance, and by depolarizing the resting glutamate receptors (mGluR) and suppressed by activation membrane potential. Type I metabotropic glutamate receptors (mGluR I) mediate the effects of cis-ACPD. Baclofen suppresses of g-aminobutyric acid-B (GABA B ) receptors. The regulageneration of plateau potentials by decreasing the dihydropyridine tion involves several conductance changes possibly includsensitive inward current, by decreasing the input resistance, and ing the low voltage activated L-type calcium conductance by hyperpolarizing the resting membrane potential. These results underlying plateau potentials. The results show that several suggest that membrane properties of motoneurons are continuously transmitter pathways of spinal and supraspinal origin can modulated by synaptic activity in ways that may have profound control a particular intrinsic property of a particular member effects on synaptic integration and pattern generation. of the spinal motor network. The nonlinear intrinsic membrane properties, provided by described before from turtles (Pseudemys scripta elegans) deeply the particular set of voltage-sensitive ion channels in the anesthetized by mebumal (at least 100 mg/kg) injected intraperitosoma-dendritic membrane in each type of neuron, are neally (Hounsgaard et al. 1988 ). The bath medium contained (in thought to be essential for brain function (Llinas 1988) . mM) 120 NaCl, 5 KCl, 15 NaHCO 3 , 20 glucose, 2 MgCl 2 , and 3
Regulation of these properties by transmitters that change CaCl 2 . The solution was saturated with 98% O 2 -2% CO 2 to obtain the voltage sensitivity or kinetics of ion channels is important a pH of 7.6 in the recording chamber. for the dynamic formation and function of motor networks
For experiments a section of the cord, 1-to 2-mm thick, glued on in invertebrates and vertebrates (Katz and Frost 1996) . The end to a piece of filter paper, was placed in the recording chamber. flexible motor behaviors mediated by spinal cords predict The liquid level was õ0.2 mm above the surface of the slice. Sharp regulation of motor networks to be essential. However and patch electrodes were pulled from borosilicate glass tubes with an outer diameter of 1.5 mm and an inner diameter of 0.86 mm.
knowledge of possible mechanisms for regulation is limited
Sharp electrodes were filled with 1.5 M KCl and 0.5 M potassium and the role of regulation of intrinsic membrane properties acetate. Patch electrodes were filled with 125 mM potassium glucoin vertebrate motor function is unknown. One approach to nate and 9 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic this question is to examine to what extent a specific intrinsic acid (HEPES), pH was adjusted to 7.4 with KOH. As in a previous membrane property of a member of the spinal motor network study ) the results obtained with the two techis regulated by activation of a range of putative modulatory niques were the same including the observed range of input resistransmitter receptors. In this way studies on spinal motoneutance, spiking pattern, and spike height. In some cases we also rons have uncovered important regulatory effects of serotochecked for the absence of an electrode-induced shunt (Svirskis et nin and noradrenalin (Berger and Takahashi 1990; Elliott al. 1997 In motoneurons, the best studied cell type in the spinal cord, before the sample point. Triangular potential ramps were generated plateau potentials are mediated by noninactivating, dihydrowith a homemade triangle signal generator. For slow voltage-clamp pyridine-sensitive calcium channels (Hounsgaard and Mintz ramps the recorded currents and potentials were low-pass filtered 1988) widely distributed in dendritic membranes (Hounsat 0.1 kHz and digitized at 0.8 kHz. In all other cases signals were gaard and Kiehn 1993). The ability to generate plateau polow-pass filtered at 3 kHz and digitized at 6 kHz. To reduce noise tentials is a latent property, previously shown to be facilitated in voltage clamp recordings, 4 sweeps were averaged on a HIOKI by block of I h and a range of potassium conductances digital oscilloscope. The data from the oscilloscope was transferred to an IBM compatible computer through a National Instruments (Hounsgaard and Mintz 1988) . Serotonin also promotes pla-GPIB interface for storage and later analysis. The input resistance was measured from the slope of the current-voltage relation (I-V ) near the resting membrane potential. Drugs used included tetrodotoxin (TTX, 2 mM), cis-({)-1aminocyclopentane-1,3-dicarboxylic acid (cis-ACPD, 20 mM), (S)-3,5-dihydroxyphenylglycine (DHPG, 50 mM), (S)-a-methyl-4-carboxyphenylglycine (MCPG, 1 mM), muscarine (25 mM), atropine (1 mM), baclofen (5 mM), CoCl 2 (2 mM), nifedipine (10-20 mM), tetraethylammonium (TEA, 0.2-1 mM), and apamin (1 mM).
We used voltage-clamp triangle ramps lasting several seconds to monitor the activation and relative strength of the voltage sensitive inward current. In a cable structure like a neuron, voltage clamp from a point source is less than perfect (Jack et al. 1975; Jonas et al. 1993; Major et al. 1994) . In light of the limited space clamp inherent with the technique, we tested the validity of our measurements for qualitative analysis. In current-clamp recordings we used field stimulation, as illustrated in Fig. 1A , to test the sensitivity of voltage-dependent currents generated in the dendrites to changes in membrane potential at the soma. The diagram illustrates the profile of the transmembrane potential calculated for a cable structure when a hyperpolarizing current is injected through the recording electrode ( ---) and when differential polarization is induced by an extracellular voltage gradient (r r r) . In the experiment two silver-chloride electrodes (surface area of 12 mm 2 , Clark Electromedical) were used to pass current delivered by an isolation unit (Isolator 11, Axon Instruments) through the tissue to establish an extracellular potential gradient (Hounsgaard and Kiehn 1993) . The field was oriented in the lateral direction to obtain polarization distally in the longest dendrites (Ruigrok et al. 1985) . Activation of inward current in distal dendrites was accomplished by applying the field in the soma hyperpolarizing direction (Hounsgaard and Kiehn 1993) . With this procedure a delayed depolarization developed during a field pulse and FIG . 1. Sensitivity of dendritic voltage-dependent currents to soma pofully decayed after the offset of the field (Fig. 1B, top) . The tential was checked by field stimulation (see METHODS ). A: a cable repredelayed depolarization, reflecting activation of distal inward cursenting a motoneuron positioned between 2 field electrodes. An extracellular potential gradient induces differential polarization of ohmic cable ( ---) rents, was greatly inhibited by a õ5 mV hyperpolarization at the and hyperpolarization by current injection decays from stimulation site soma, induced by current injection through the recording electrode (r r r). The resulting membrane potential is sum of two voltage changes (Fig. 1B, bottom) . The hyperpolarizing current did not just prevent induced if voltage-sensitive currents are not activated. Length of cable is the propagation of the depolarization to the recording site because in electrotonic units, l. B: when a motoneuron was stimulated by a field, the delayed depolarization could be restored by increasing the initial transmembrane hyperpolarization was followed by depolarization strength of the applied electric field. These results suggest that reflecting activation of a voltage-sensitive inward current in distal dendrites inward currents in dendrites are at moderate electrotonic length (top) . A small hyperpolarization by current injection in soma almost comfrom the soma and are not generating uncontrolled depolarization pletely prevents activation of inward current (bottom). C: activation of in distal dendrites. In agreement, the net inward current activated inward current in the same neuron during voltage clamp. Potential step activates a net inward current that fully deactivates after termination of by a step depolarization (Fig. 1C ) fully deactivated after the termistimulus. Note slow activation and deactivation of inward current. Time nation of the stimulus. Even electrotonically short cables can distort scale as in B. B and C: inward current was promoted by apamin, tetraethylthe monitored magnitude of the inward current if the voltage ramp ammonium (TEA), and (S)-3,5-dihydroxyphenylglycine (DHPG) in meis just suprathreshold for the activation of the slow, voltage-sensidium. tive inward current facilitated by depolarization (Baginskas et al. 1997 ). Here we used ramps, which reversed much above the lar voltage commands (Eckert and Lux 1976) in singlethreshold for the activation of inward current. In this case, it is electrode voltage-clamp mode to monitor changes in memunlikely that the electrotonic delay of the voltage onset in the brane properties induced by promoters and suppressors of dendrites is important because the duration of the ramps used was two orders of magnitude slower than membrane time constant plateau potentials. The experimental procedure is illustrated (Hounsgaard et al. 1988). in Fig. 2C by the results obtained in voltage-clamp recordings from a motoneuron, in which plateau potentials were promoted by cis-ACPD. The ramps covered a voltage R E S U L T S range of Ç40 mV from just below the resting membrane potential to just above the threshold for action potentials. As shown previously (Hounsgaard and Kiehn 1989; Hounsgaard and Mintz 1988) , motoneurons in transverse This range covers the voltage range of plateau potentials in current-clamp recordings (Hounsgaard and Kiehn 1989 ; slices of the turtle spinal cord do not generate plateau potentials in normal medium ( Fig. 2A) . Bistability was induced, Hounsgaard and Mintz 1988) . Spike generating Na / conductance was suppressed by TTX in the voltage-clamp ex-however, when the unspecific agonist of metabotropic glutamate receptors, cis-ACPD, was applied to normal medium periments. The inward deviation of the current response during the triangular voltage command from the stippled linear (n Å 3; Fig. 2B ). In the present study we have used triangu- slow ramps illustrates the necessary condition for prolonged plateau potentials in current-clamp mode. However depolarizing bias current is needed to observe sustained plateaus if hysteresis does not cross the zero current line. If the hysteresis crosses this line, as in Fig. 2C , then there are two stable potentials, i.e., the neuron is bistable. In such a neuron a sustained plateau potential can be generated in current-clamp mode by a short-lasting depolarization and terminated by a short-lasting hyperpolarization, as in Fig. 2B . In control conditions an existing inward current in motoneurons and most interneurons was too weak to cross the zero line and the cells were not bistable at rest. The effects of cis-ACPD and muscarine on the I-V relation were analyzed experimentally as illustrated in Fig. 3 . A hysteretic I-V relation, weak or absent in normal medium (Fig.  3A) , was enhanced or induced by addition of cis-ACPD FIG . 2. Plateau potentials are produced by a slow inward current causing clockwise hysteresis in I-V relation. A: in control solution motoneurons show no bistability. B: after application of cis-ACPD, the same stimulus activates a long-lasting plateau potential terminated by injection of a hyperpolarizing current. C: voltage clamp was performed in the same neuron after blockade of Na / spikes with tetrodotoxin (TTX). Ca: ---, hypothetical linear response to voltage clamp. Inward deviation from the linear curve indicates activation of voltage-sensitive currents. Presence of clockwise hysteresis shows that voltage ramp was too fast to obtain stationary characteristics of inward current. Cb: when ramp was even faster, the inward current was not fully activated during rising phase of triangular ramp and did not deactivate during falling phase of ramp. This resulted in a long and narrow hysteresis indicating slow current kinetics.
, zero value for current. Inset: r, direction of potential change.
curve is a measure of the activated inward current. Current voltage, I-V, plots showed marked clockwise hysteresis ( Fig.   FIG . 3. Hysteresis is induced or enhanced by cis-( {) -1-aminocyclopentane-1,3-dicarboxylic acid ( cis-ACPD ) and muscarine. A : in pres-2C, right), which at least in part reflects the slow kinetics ence of TTX, no inward current was activated in normal medium. B : cisof the inward current or changes in gating properties ACPD induced clockwise hysteresis indicating activation of an inward (Svirskis and Hounsgaard 1997) . Voltage commands with current, which was blocked by Co 2/ ( C ) . D: superposition of all I-V duration of Ç3 s gave maximal hysteresis in the I-V plots and plots from A -C shows that cis-ACPD increases input resistance of the cell and promotes opening of Ca 2/ channels. F, resting membrane poten-were therefore chosen for monitoring the voltage-sensitive tial ( RMP ) before and after cis-ACPD. E : voltage-ramp lasting 8 s in inward current in most experiments. Hysteresis leveled off presence of TTX; in normal medium and after addition of muscarine. with faster and slower ramps but was still present with ramps Only the rising phase of ramp is shown in I-V plot. Muscarine enhanced lasting 8 s (Fig. 2Ca ) and 0.4 s (Fig. 2Cb) to the medium (Fig. 3B ). In 18 neurons (13 intracellular recordings, 5 whole cell recordings) cis-ACPD induced a slow inward current and hysteresis in 6 neurons (33%), enhanced an already existing slow inward current and hysteresis in 9 neurons (50%), and had no effect in 3 neurons (17%). Cis-ACPD increased input resistance by 31 { (SE) 28% and the resting membrane potential (RMP) was depolarized by 6.3 { 4 mV (Fig. 4D) . The slow inward current depended on a calcium channel because it was blocked by addition of 2 mM Co 2/ to the medium (n Å 4; Fig. 3C ). Note that the change in RMP and input resistance induced by cis-ACPD was not reversed by Co 2/ . As illustrated in Fig. 4A this calcium channel was dihydropyridine sensitive because the slow inward current and hysteresis were reduced or blocked by addition of nifedipine (10-20 mM; n Å 6). The effects of cis-ACPD were blocked by MCPG, a nonspecific antagonist of metabotropic glutamate receptors (n Å 2). The effects were mediated by type I metabotropic glutamate receptors because they were reproduced by DHPG, a selective type I mGluR agonist (n Å 3) (Nicoletti et al. 1996; Riedel 1996) . Plateau potentials in turtle motoneurons are promoted by TEA and apamin (Hounsgaard and Mintz 1988) . In this study the slow inward current and hysteresis, promoted by TEA and apamin, was enhanced by cis-ACPD (n Å 3).
In agreement with a previous study ( Mintz 1987 ) , we found that muscarine, a selective agonist of metabotropic acetylcholine receptors, induced plateau potentials and slow oscillations in turtle motoneurons. In the voltage range studied here, muscarine, had effects similar to cis-ACPD on the slow inward current ( Fig. 3 E ) was induced ( 35%, n Å 6 ) or enhanced ( 47%, n Å 8 ) or receptor agonist, baclofen. A: in this cell a weak inward current was already unchanged ( 18%, n Å 3 ) by muscarine. Note the shift in activated in presence of TTX in normal medium. B: current is obscured by outward currents because application of apamin and TEA enhanced hystereactivation of the inward current to more hyperpolarized sis. C: baclofen reduced inward current and washout of this drug restored membrane potentials on application of muscarine ( Fig. hysteresis (D) . E: L-type calcium channels are responsible for hysteresis 3 E ) . The same shift was common with application of cisbecause response to ramp was completely linearized by nifedipine. Scale for B and C is identical to A. Scale in E is identical to D. All experiments are from same cell.
ACPD. Muscarine increased the input resistance by 22 { 22% and depolarized the RMP by 1.2 { 4 mV. The effects of muscarine were blocked by atropine ( n Å 7 ) . As illustrated in Fig. 4 B , the inward current and the hysteresis induced by muscarine was reduced or blocked by nifedipine ( n Å 3 ) .
The enhanced inward current and hysteresis were reduced by activation of GABA B receptors (n Å 6, whole cell recordings). In motoneurons, in which weak hysteresis was present (Fig. 5A) , hysteresis was further promoted by blocking potassium channels with apamin and TEA (Fig.  5B ). This is in agreement with previous findings (Hounsgaard and Kiehn 1993; Hounsgaard and Mintz 1988) . The slow inward current and hysteresis was reduced (n Å 4; Fig. 5C ) or eliminated (n Å 2) when GABA B receptors were activated by adding baclofen to the medium. Baclofen also reduced the input resistance 20 { 10% and hyperpolarized FIG . 4. Hysteresis is mediated by nifedipine sensitive channels. A: hysthe RMP by 5.6 { 6 mV. The effect of baclofen was reversteresis in I-V plot present after addition of TTX and cis-ACPD to bath was ible ( Fig. 5D ; n Å 4) and the recovered hysteresis was strongly reduced by nifedipine. B: in another cell, hysteresis enhanced by muscarine was reduced by nifedipine. blocked by nifedipine (Fig. 5E) application of cis-ACPD and three neurons after muscarine, plateaus or hysteresis were induced without a noticeable Modulation of plateau properties in motoneurons was change in input resistance or resting membrane potential. studied by means of voltage ramp clamp. Clockwise hystere-After cis-ACPD, hyperpolarization in RMP by 6 and 9 mV sis in the I-V relation is a manifestation of the ability to when the extracellular potassium was reduced from 5 mM generate plateau potentials in current clamp. This hysteresis to 2 and 1 mM, did not change the potential range for activawas shown to be induced or enhanced by agonists of metabotion of hysteresis. In two neurons input resistance increased tropic glutamate receptors and muscarinic receptors. These 25 and 30% after cis-ACPD and in two other neurons 2 mM changes were accompanied by increased input resistance and Cs / increased input resistance ú30% after muscarine. The depolarization. Activation of GABA B receptors suppressed potential range for the activation of hysteresis remained unthe hysteresis, reduced the input resistance, and hyperpolarchanged in all cases. Furthermore, the electrotonic decay of ized the cells. potential in the dendrites seems not to play a role in the The involvement of calcium channels in plateau potentials reduction of the hysteresis by baclofen. In four neurons and hysteresis opens the possibility that conductances sensibaclofen reduced hysteresis without changing the potential tive to intracellular calcium concentration contribute (Parrange for activating the inward current (Fig. 4) , although tridge and Swandulla 1988) and could be possible targets the RMP hyperpolarized 6-10 mV and the input resistance for regulation. Activation of muscarine receptors (Delmas was reduced up to 20%. Taken together, changes in electroet al. 1996; Fraser and MacVicar 1996; Schwindt et al. 1988 ) tonic structure cannot be the only explanation for induction and metabotropic glutamate receptors (Greene et al. 1994) and suppression of plateau potentials and hysteresis. can induce calcium-sensitive cationic currents. In some neu-In conclusion we have shown that receptor-mediated regurons, a calcium-dependent increase in input resistance was lation of the current underlying plateau potentials in turtle observed after application of muscarinic agonists (Sciancamotoneurons is associated with multiple changes in electrolepore and Constanti 1995) and agonists of mGluR (Greene physiological cell properties. The simplest explanation for et al. Sciancalepore and Constanti 1995) . The modulaour findings is to assume that agonists of mGluR, muscarine, tion of calcium-sensitive potassium currents (Kume et al. and GABA B receptors, in addition to their other effects, 1992; Muller et al. 1992) or blockade of potassium currents modulate L-type calcium channels. Enhanced voltage sensi- (Charpak et al. 1990; Gerber et al. 1992; Guerineau et al. tivity of L-type Ca 2/ channels induced by muscarine (Kami-1994; Jones and Baughman 1992; Selyanko and Brown shima et al. 1992 ) and agonists acting on group I mGluR 1996; Womble and Moises 1992) could also explain the (Chavis et al. 1995 (Chavis et al. , 1996 Riedel 1996) and suppression Lenhancement or reduction of hysteresis. type calcium currents by agonists of GABA B receptors (An-However despite the presence of other calcium channels wyl 1991) are known in other cell types. It is also clear, in the dendrites (Hounsgaard and Kiehn 1993) plateaus and however, that other conductances, contributing to RMP and hysteresis were eliminated by nifedipine alone, a selective input resistance in motoneurons, are affected by the modulatantagonist of L-type calcium channels, which did not block ing agonists used. These may well include the conductances calcium spikes (Hounsgaard and Mintz 1988) . The plateaus regulated by serotonin and noradrenalin in neonatal motowere also observed after substitution of sodium with choline neurons (Berger and Takahashi 1990, Elliott and Wallis (Mintz 1987) and modulation was not reduced in the pres-1992; Larkman and Kelly 1992). More complex schemes ence of TEA and apamin known to block voltage and calinvolving modulation of Ca dependent potassium and cation cium-sensitive potassium channels. It is difficult to explain channels cannot be ruled out either. both induction and full elimination of the hysteresis if modu-
The regulation of plateau generation and bistability in lators act without a direct action on L-type calcium channels. motoneurons by neurotransmitters may be important for gen-However interpreting the induction or elimination of hyseration of motor commands because it provides a way to teresis is not straightforward because turtle motoneurons change the integration of synaptic potentials. When shortpossess physically long dendrites (Ruigrok et al. 1984 , lasting activity in motoneurons is required, ohmic integration 1985). Calcium channels responsible for plateau generation of the synaptic potentials may be sufficient although continuare located in the dendrites (see METHODS and Hounsgaard ous input is needed to keep the cell firing. During longand Kiehn 1993). Therefore a change in membrane resislasting activity, bistable properties of motoneurons could tance and resting potential induced by receptor agonists leads be superior because they allow the minimization of needed to a changed activation of dendritic inward currents during synaptic input: the input is needed only to switch the neuron a command ramp (Jack et al. 1975; Jonas et al. 1993 ; Major between activity and silence (Gutman 1994) . Recent findet al. 1994; Puil et al. 1994) . However the estimated electroings show that metabotropic regulation of plateau properties tonic length of the dendrites in motoneurons in normal mecan be induced synaptically (Delgado-Lezama et al. 1997) . dium is moderate, about Ç1 l ). In addition the inward current responsible for the plateau was not strong enough to cause uncontrollable distal inward cur-We thank A. Gutman for reading the manuscripts and critical notes. This work was supported by the Danish Medical Research Council, the
